S patial interactions with soil P saturation and loading from poultry litter applications, as well as with plant composition under grazing, remains enigmatic. Poultry litter is commonly surface-applied on perennial pastures as a low-cost fertilizer to support forage growth in cow-calf operations. Surface application exposes litter to nutrient runoff, which is difficult to predict due to spatially variable landscape attributes affecting infiltration and drainage (Kleinman et al., 2007; Dari et al., 2017) . In addition, long-term applications can result in excessive P buildup relative to potential plant uptake, which in turn leads to losses and reduced surface water quality (King et al., 2015; Sharpley, 2016) . Geostatistical models that predict potential "hot spots" within a farm or field generally ignore plant-herbivore system interactions. Therefore, investigations are needed that correlate soil properties and forage species composition with P fractions.
Effective best management practices (BMPs) meet specific individual farm conditions and can be costly and labor intensive for large areas needing P management. Estimations of P loss must be made for an effective management practice to be developed. Phosphorus indices and P storage capacity estimates have been developed and may predict potential P losses (soils acting as either sinks or sources of P) by using soil properties, land management, topography, and hydrology (DeLaune et al., 2004; Dari et al., 2018) . The P index was developed for use with pastures and hay crops, but case studies are needed to draw relationships between soil P status and vegetation cover in assessing effective BMPs for the Ozark Plateau ecoregion (Sharpley et al., 2009) .
Development of farm-specific BMPs is hampered by the wide variation among farms in landscape features, nutrient status, crop and animal types and numbers, and farm management styles. Pasture species composition can affect nutrient removal and optimal pasture production (Harmoney et al., 1998; King et al., 2015) . For example, bermudagrass [Cynodon dactylon (L.) Pers.] was more efficient in converting litter nutrients into harvested forage yield than tall fescue [Lolium arundinaceum (Schreb.) Darbysh.] monocultures and tall fescue-clover (Trifolium spp.) mixes (Honeycutt et al., 1988) . Intensive vegetation and soil sampling would be needed to characterize the spatial variability of measurement with high precision because variability is evident even across short distances (≤1.5 m) (Taylor et al., 1998) . With detailed spatial information, site-specific knowledge of soils and their variability, risk can be managed and environmental impacts minimized (Arnold and Wilding, 1991; Adhikari et al., 2018; Dari et al., 2018) .
At the farm scale, spatial variation occurs in characteristics of soil and forage and in their nutrient compositions. Quantification of these variations can aid in deciding on location and amount of fertilizer or manure applications, forage production, and grazing management (Adhikari et al., 2018) . In addition, these types of data are needed before sophisticated geospatial data can integrate plant composition with site-specific soil data to predict potential P runoff. Therefore, this study aims to correlate sampling frequency with soil and forage characteristics in selected litter-amended pastures on two representative beef farms in northwestern Arkansas.
MAterIAls And Methods

Farm descriptions
Farm A was located in western Washington County in northwestern Arkansas and consisted of 105 ha (Fig. 1) . Farm A was a commercial beef cow-calf operation with 60 to 80 mature cows grazing the study area. Approximately 4.5 Mg ha -1 of litter was applied annually to pastures using a litter-spreading truck. Litter was removed from the houses each spring and stored until application. Fields in Farm A varied in their management because of different production goals, topography, and hydrology ( Fig. 1 ). Field 1 had not received litter for 5 yr prior to soil sampling in 1999. Portions of Field 3 had not received annual poultry litter additions because some soils were drained poorly. During the sampling period (1999), Fields 2 and 3 consisted mainly of tall fescue and common bermudagrass with various annual weeds.
Farm B was located in western Washington County and consisted of about 33 ha and surface-applied turkey litter. The landowner, as with Farm A, used the litter in lieu of fertilizer to promote forage growth for cattle production. Field composition and harvest methods for Farm B are shown in Fig. 2 . Fields 1 and 2 were used as winter calving and feeding sites. All four fields received litter and were used for either grazing or hay. Predominant forage species were bermudagrass, tall fescue, and white clover (Trifolium repens L.). Area contributions of soil mapping units for each farm were obtained from the Web Soil Survey (Soil Survey Staff, 2008) and assembled with soil characteristics of slope range, erosion hazard, available water capacity, permeability, and runoff potential.
soil data Collection
On 12 and 16 July 1999, an all-terrain vehicle (ATV), with a real-time AgGPS Field Positioning 132 (Trimble7 Navigation Limited, Sunnyvale, CA) was driven around the fields to record boundaries. There were four fields on each farm. GeoLink7 Grid generator (Baker GeoResearch, Billings, MT) was used to create a 60 × 60 m numbered grid map, which was then placed in a GeoLink7 PowerMap (Baker GeoResearch, Billings, MT) project for each farm. Grid points for Farm A were sampled on 13 and 14 July and 2 Aug. 1999. The 60-m grid for Farm A consisted of 172 points. Each grid point represented 0.36 ha (0.95 acre), a resolution density that we considered as a minimum to capture soil and vegetation variations that are relevant to pasture hydrology on these farms.
Farm B was not sampled until 12 Oct. 1999, because of dry weather conditions, unavailability of equipment, and the application of litter to these pastures the day before scheduled sampling (3 Aug. 1999) . Farm B was also sampled on a 60 × 60 m grid, consisting of 81 points. Grid points were located in the field by following the real-time ATV trace on the computer screen. A wire flag was placed under the antenna and latitude, longitude, and altitude were recorded.
A portion of Field 3 of Farm A was selected for dense grid sampling to calculate small-scale variability. This area consisted of a fairly regular downward slope toward an adjacent intermittent stream. The dense grid area consisted of 70 points, which were manually measured out, flagged on a 14 × 14 m grid, and sampled on 15 July 1999. For both the 60 and 14-m grids, soil was sampled and vegetation data were collected at each flag.
Six soil cores (0-15 cm deep) were taken at each georeferenced grid point with a 2.5-cm diameter soil probe, one at the flag and five randomly at a 1-m radius. Cores were hand mixed and composite samples were air-dried, ground, and passed through a 2-mm sieve to remove stones and large organic fragments. Self-Davis et al.
(1998) outlined extraction methods followed for dissolved reactive phosphorus (DRP). Briefly, DRP was extracted from 2 g of soil and 20 mL of deionized water. The solution was syringe-filtered through 0.45-mm pore filter paper. To preserve the sample, pH was lowered to less than 2 with drops of HCl; samples were stored at 4°C until analysis. The filtrate was analyzed for P by reacting with Murphy-Riley reagents (Murphy and Riley, 1962) using an Autosampler II 7 (Skalar Analytical B.V., the Netherlands). Remaining soil samples were sent to the University of Arkansas Soil Testing Laboratory, Marianna, AR, for analysis of Mehlich-3 soil test P (STP) (Mehlich, 1984) (2 g of soil extracted with 14 mL Mehlich-3 solution), pH, organic matter (OM), exchangeable K, Ca, and Mg. In Field 4 of Farm A, two sample depths (0-5 cm, 5-15 cm) were collected. Soil test values were converted to a 0-to 15-cm equivalent by calculating a relative weighted average: 1/3 × (0-to 5-cm sample) + 2/3 × (5-to 15-cm sample) = total average of sample
Vegetation data Collection
Vegetation data collected included a visual estimate of percentage ground cover, species composition, and aboveground biomass. Ground cover and species composition were sampled by placing a 0.4 × 0.4 m quadrat near each flag and repeated five times within a 1-m radius. A visual estimate of the percentage ground cover was recorded. The dry-weight rank method (Gillen and Smith, 1986) was used to estimate the percent composition of species by ranking the relative dry weight abundance of the three most prominent species within the quadrat. An electronic capacitance meter (Pasture Probe, Design Electronics, Ltd., Palmerston North, New Zealand) was used to obtain capacitance readings at 10 locations within a 1-m radius of each point. Average readings were converted to plant biomass yield using linear regressions derived from calibration quadrats (r 2 = 0.88, Farm A; r 2 = 0.92, Farm B) for which the vegetation was clipped, dried, and weighed (Vickery et al., 1980) .
data Analysis
Statistical analysis of the data was completed using JMP IN7 (SAS Institute, 2007) and Microsoft7 Excel (Microsoft, Redmon, WA) programs. Soil P means, standard deviations, and tests for normal distribution of data were calculated using 'Distribution of Y' in JMP IN7. Pearson correlation coefficients were calculated with JMP IN7 using Correlation of Y's, and pair-wise correlation was used to identify relationships between soil and forage data. Relationships were considered significant at a Type I error rate of 5%. results And dIsCussIon
on-Farm soil Characteristics and landscape Features
Phosphorus taken up in pasture systems can return to the soil via decay of roots and ungrazed forage and via excretion from animals. Plant decay is spatially uniform; however, excreta placement is not. Consequently, aspects of cattle management also factor into nutrient use and whole-farm BMPs. Variation in soil characteristics for Farms A and B was a major deciding factor in selection of these farms. Farms possessed soil characteristics that differed in erosion potentials, available water capacity, permeability rating, and runoff hazard (Table 1) . Soils on both farms ranged from slight erosion hazard and medium runoff rating to severe erosion hazard and rapid runoff rating. Most of Farm A consisted of Fayetteville fine sandy loam (FaC2) (fine-loamy, mixed, active, thermic Rhodic Paleudalfs) soils. Erosion hazard for this soil is slight with a medium runoff rating (Table 1) . Farm B consisted of greater amounts of soils having severe erosion hazard, such as Savannah fine sandy loam (SfC2) (fineloamy, siliceous, semiactive, thermic Typic Fragiudults), Hector-Mountainburg stony fine sandy loam (HoF) (loamy, siliceous, subactive, thermic Lithic Dystrudepts-loamy-skeletal, siliceous, subactive, thermic Lithic Hapludults), and Enders stony loam (EoD) (fine, mixed, active, thermic Typic Hapludults). Both farms contained substantial land area with SfC2. The HoF has shallow soils with low plant available water, and the EoD has a dense clayey subsoil with low water-holding capacity at approximately 46 to 61 cm.
Correlation Analysis results between Farm Attributes and sampling Frequency
Correlations between STP and DRP were consistently among the highest found across farms and grid sizes (Tables 2, 3, and 4). These two variables were expected to correlate well because they are not totally independent from each other, i.e., phosphate species comprised in DRP (orthophosphate) are also included in the Mehlich-3 extract for STP, and are therefore a component of STP.
This association was also found by Pote et al. (1996 Pote et al. ( , 1999 , who measured STP and DRP in runoff collected from rainfall simulation plots receiving poultry litter. Therefore, sampling sites with relatively high residual poultry litter likely have both high STP and DRP because of the high P content of litter. In the 14-m grid field, STP ranged from 185 to 757 mg kg -1 , and DRP ranged from 22 to 179, indicating localized high accumulations of soil P. Similarly, STP attained very high levels in the 60-m grids of Farms A and B (see footnotes in Tables 3 and 4 ) Correlations of K vs. STP and K vs. DRP were also relatively high in the 14-m grid ( Table 2) , but less so in the 60-m grids (Tables 3 and 4) . Overall, for the 14-and 60-m grid sampling, mean soil test P for Farms A and B were in excess of the value at which eutrophication of rivers is likely to occur (0.03 mg L -1 ), or 0.54 and 0.40 mg L -1 , respectively (Baker et al., 2017) . For Farm B at the 60-m sampling area, P concentrations were 0.67 mg L -1 , which also indicates a great potential for these soils to become nonpoint sources of pollution under current management practices. On both grids of Farm A, relatively high positive correlations were found for K, Ca, and Mg with OM, and with K and Ca vs. Mg (Tables 2 and 3 ). Significant correlations found between these soil variables were possibly the result of litter-derived nutrients that accumulated in the soil. Kingery et al. (1993) stated that longterm litter accumulation resulted in accumulations of N, P, K, Ca, Mg, Fe, Cu, and Zn in both soil and plants. Biomass and ground cover were positively correlated with each other on the large grid of both farms (Tables 3 and 4 ), but not on the small grid of Farm A (Table 2) . Biomass expectedly increased with ground cover, reflecting the generally positive effect of denser plant populations giving rise to greater harvestable forage. This relationship did not hold up, however, on the 14-m grid as this area was heavily grazed because it was near a water source. It is possible that the intense grazing overwhelmed the biomass-ground cover relationship. The greatest negative correlation of all datasets involving a vegetation and a soil variable was between ground cover and Ca (r = -0.42) on the 14-m grid on Farm A (Table 2 ). The small scale of sampling may have allowed detection of an association between limestone outcroppings, which provided ample parent material for localized high soil Ca levels, but physically restricted the establishment or colonization of plants on thin topsoil.
Correlation coefficients of forage stand vigor (biomass and ground cover) vs. soil variables were generally not significant. This may reflect the single-point-in-time sampling and the fact that most pastures had been grazed intensively during the time of sampling. Measuring forage biomass and cover after several weeks of uninterrupted growth and during peak growing times (e.g., late spring) would likely have revealed more significant relationships.
Correlations between plant species percentage and soil variables were mostly nonsignificant (Tables 4, 5, 6, and 7) . For the 14-m grid of Farm A (Table 5) , bermudagrass percentage was positively correlated with STP, DRP, and K, whereas tall fescue percentage was negatively correlated with the aforementioned soil variables. This contrast between grasses suggests that greater soil nutrient accumulations typically associated with poultry litter application favored bermudagrass growth at the expense of tall fescue growth across the landscape. The correlation between higher nutrient accumulation and bermudagrass frequency could also be due to soil properties, such as depth to limiting layer, soil texture, or soil physical properties (aggregation or bulk density) driving nutrient distribution. Nonetheless, the high P requirement by bermudagrass has been reported previously (Slaton et al., 2011) . Further evidence of this replacement is shown by the highly negative correlation (-0.67) between these two species. Bermudagrass presence was also associated with greater total ground cover, whereas tall fescue presence was associated with reduced ground cover, reflecting the sod-forming growth habit of bermudagrass vs. the bunch habit of tall fescue.
For the 60-m grid of Farm A (Table 6) , relationships among plant and soil variables were more tenuous likely owing to management differences (i.e., weed control, cultural practices, and forage species). Field 1 was managed as a predominantly bermudagrass hay field receiving periodic broadleaf herbicide applications. Therefore, species composition was probably determined more by forage management history than by soil variables and litter application history. The negative correlation between bermudagrass and white clover was likely due to the practice of broadleaf weed control in the bermudagrass hay field (Field 1) and the high presence of white clover in Field 4, which was practically devoid of bermudagrass.
In contrast to Farm A, Farm B fields did not have different cropping histories. All were predominantly tall fescue pastures with scattered patches of bermudagrass. Bermudagrass presence in Farm B was correlated most strongly with total biomass, ground cover, and soil OM (Table 7) . Tall fescue was negatively correlated with Mg and OM and strongly negatively correlated with bermudagrass, as in the 14-m grid of Farm A. Again, this suggests that either bermudagrass has a greater propensity to take up soil P than tall fescue or that soil physical properties are driving nutrient distribution and thus forage species distribution.
ConClusIons
Feeding and grazing strategies influence the amount and spatial pattern of nutrient excretion, which, in turn, affect the risk of nutrient loss and fertilizer requirements. Animals deposit nutrient-rich excretions, which prevents uniform redistribution of nutrients over a pasture system. Grid sampling and correlation analyses of vegetative cover with soil nutrient tests may be useful tools in understanding relations among forage characteristics, nutrient levels, and landscape features for sustainable landscape-level pasture management. There was a positive correlation for K, Ca, and Mg with OM, and with K and Ca vs. Mg. Correlations found between these soil variables were likely the result of accumulated litter-derived nutrients. In general, bermudagrass coverage was positively correlated with STP, DRP, and K, whereas tall fescue percentage was negatively correlated with the aforementioned soil variables. The contrast between grasses suggests that higher soil nutrient accumulations associated with poultry litter application favored bermudagrass colonization rather than tall fescue across the landscape. In addition, at both farms, soil test P values were in excess of the value at which eutrophication of surface waters is likely to occur (0.03 mg L -1 ), indicating the potential for these soils to become nonpoint sources of pollution under current pasture management practices.
Grid sampling of two northwestern Arkansas beef-poultry farms having variable landscapes provided information on spatial variations of soil and vegetation characteristics. Our results provide evidence of the influence of grid sampling size on soil test impacts and interpolations for site management. Future GIS-based studies are needed to identify sampling frequency per terrain attributes for P index mapping. Analyses of the utility of P indexes for predicting excessive soil P zones on a farm scale should include grid sampling to relate the build-up of litter-sourced nutrients to vegetative characteristics and landscape features that may affect surface hydrology.
